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Transcending stereochemical boundaries: ambidextrous
cleavage of p- and L-peptide enantiomers by natural
eukaryotic proteases

Mengjiao Li***, Kai Chen“**, Wenyang Zhang"??, Jianyi Han"*?, Mengzhun Guo®*?, Xinxin Zhu“*?, Jia Zheng"??,
Jing Huang'*??, Tian Li"**°, Bobo Dang ***

Proteins have predominantly evolved in the L-form, favoring homochiral interactions with other L-proteins while avoiding their
p-enantiomer counterparts. Reflecting this principle, natural proteases are known to hydrolyze L-peptides but not their mir-
ror-image p-enantiomers. In this study, we designed and screened a combinatorial b-peptide library tailored for proteases and
unexpectedly revealed that several eukaryotic proteases — including papain, human cathepsin B, and mouse carboxylesterase
1c — efficiently cleave p-peptide substrates through sequence-specific recognition. The corresponding enantiomeric L-peptide
substrates were also cleaved, indicating ambidextrous substrate proteolysis. Structural analyses show that cathepsin B achieves
activity through enantiomer-specific substrate-binding modes, underscoring its ability to accommodate alternative stereochem-
istries for substrate recognition and processing. Leveraging this activity, we developed a p-peptide substrate of cathepsin B as
an efficient cleavable linker for antibody-drug conjugates, demonstrating potent antitumor efficacy in vitro and in vivo. These
results reveal an unanticipated capacity for substrate recognition in natural eukaryotic proteases, broadening the framework of

protease specificity and enabling new possibilities for therapeutic design.

https://doi.org/10.15302/vita.2026.03.0022

INTRODUCTION

Proteins in living organisms are composed almost exclusively
of L-amino acids™®. Molecular interactions between natural
proteins generally rely on homochiral recognition, whereby
L-proteins selectively engage other L-proteins, while heteroch-
iral interactions with their mirror-image bp-counterparts are
precluded by stereochemical constraints (Fig. 1a). Accordingly,
inverting the chirality of one binding partner often disrupts
binding, whereas simultaneous inversion of both partners
can re-establish recognition via the corresponding mirror-im-
age pair (Fig. 1a)*”. Proteases follow the same general expec-
tation: natural proteases are usually reported to hydrolyze
L-peptide substrates, but not their mirror-image b-counter-
parts (Fig. 1b)%. Consequently, ambidextrous recognition —
where a natural L-protein, such as a protease, selectively binds
and processes both p- and L-enantiomers of a peptide sub-
strate — is exceptionally rare, particularly in eukaryotic sys-
tems where p-amino acids are seldom used and evolutionary
pressure for such interactions is minimal (Fig. 1).

For eukaryotic proteases, studies show that cathepsins
B, L, and K can tolerate single p-amino acid substitutions at
P3 or P4 within L-peptide substrates, whereas substitutions
at P1 or P2 disrupt recognition and cleavage — consistent
with fully o-peptide substrates not being hydrolyzed by these
enzymes’’. Moreover, it has been reported that a wide range
of eukaryotic proteases are unable to hydrolyze p-peptide sub-
strates altogether®. This suggests that heterochiral proteolysis

may be exceedingly rare in higher organisms (Fig. 1b). The
absence of proteolysis toward p-peptides and p-proteins has
provided a rationale for their development as therapeutic
modalities, owing to their inherent metabolic stability and
low immunogenicity*'®*. At the same time, this property has
contributed to the concerns about potential biohazards asso-
ciated with mirror-image bacteria, which may fail to trigger
effective immune responses in humans and thus pose a risk of
uncontrolled propagation®.

Although eukaryotic proteases have likely experienced lit-
tle direct selection for heterochiral proteolysis — perhaps
contributing to its apparent rarity — they have also faced
limited pressure to eliminate interactions with p-proteins or
p-peptides. It is therefore plausible that heterochiral substrate
recognition and catalysis could persist or re-emerge from
ancestral scaffolds, even though such capacities have yet to be
empirically demonstrated.

In this study, we investigated whether eukaryotic proteases
possess an unrecognized capacity to cleave p-peptides, despite
previous studies indicating that such enzymes are unable to
hydrolyze b-peptides, thereby motivating a re-examination
of the stereochemical constraints that govern protease catal-
ysis. To this end, we constructed a synthetic combinatorial
p-peptide library tailored for proteases and systematically
evaluated a diverse panel of eukaryotic enzymes — includ-
ing papain, proteinase K, cathepsins B, H, L, and Z, carboxyl-
esterases 1 and 2, pepsin, and trypsin (Fig. 2a). Our results

1. Research Center for Industries of the Future and Key Laboratory of Structural Biology of Zhejiang Province, School of Life Sciences, Westlake University, Hangzhou, Zhejiang, China
2. Westlake Laboratory of Life Sciences and Biomedicine, Hangzhou, Zhejiang, China 3. Institute of Biology, Westlake Institute for Advanced Study, Hangzhou, Zhejiang, China
*These authors contributed equally. *Correspondence: Jing Huang (huangjing@westlake.edu.cn), Tian Li (litian32@westlake.edu.cn), Bobo Dang (dangbobo@westlake.edu.cn)
Received: November 25, 2025; Accepted: March 27, 2026; Published: April 20, 2026

vita | 1


mailto:huangjing@westlake.edu.cn
mailto:litian32@westlake.edu.cn
mailto:dangbobo@westlake.edu.cn

Article

a Protein homochiral recognition b

L-binder L-binder & L-protein

v v
— —_—
B ~§~ ~b
- ‘Q

~
I

mirror plane

D-binder D-binder & D-protein

L-protease

Protease homochiral and heterochiral catalysis

L-substrate: L-AA -L-AA -L-AA -

T ¢ t 9

f\.&\w’\.f‘\‘w\f’%

»

"
Heterochiral catalysis?  mirorpiane
-
L 3

t ? 1

W
V ‘kﬂafa.#\/’.%y\‘é
& @ &

D-protease

D-substrate: D-aa,-D-aa,-D-aa,-...

Fig. 1 The homochiral and heterochiral recognition of proteins. a The homochiral recognition principle of proteins. L-proteins bind to other
L-protein binders (homochiral), while avoiding binding to the b-form of the same protein binder (heterochiral). b Natural proteases are charac-
terized by L-peptide substrate-specific activity. Whether they also possess the capacity for heterochiral recognition and catalysis — processing
both - and p-peptides of the identical sequence (ambidextrous) — remains an open question.

unexpectedly revealed that papain, human cathepsin B
(hCATB), and mouse carboxylesterase 1c (mCES1c) efficiently
hydrolyze p-peptide substrates through sequence-specific rec-
ognition. All three proteases also cleaved the corresponding
L-peptides, demonstrating ambidextrous substrate recognition
and catalysis. Notably, these proteases achieve catalytic effi-
ciencies on p-peptide substrates that rival or exceed those of
benchmark proteases such as Tobacco Etch Virus (TEV) prote-
ase and Human Rhinovirus 3C (HRV3C) protease on their opti-
mal L-peptide substrates. The p-peptide substrate of hCATB
was further developed as a new cleavable linker for antibody
drug conjugates (ADCs), indicating its practical application
potential.

RESULTS

Papain and hCATB hydrolyze p-peptide substrates with high
catalytic efficiency and sequence specificity

Although previous studies have shown that single p-amino
acids can sometimes be tolerated within L-peptide sub-
strates, fully p-peptide substrates composed of b-amino acids
and the achiral glycine have generally exhibited little prote-
olysis by these enzymes. Here, we specifically investigated
whether natural eukaryotic proteases possess the capac-
ity to cleave mirror-image p-peptides’”’. Proteases typically
recognize peptide substrates within a stretch of four to six
amino acids, with one or two key amino acids serving as the
critical recognition residues"” ™. We constructed a combina-
torial p-tetrapeptide library consisting of p-amino acids and
the achiral glycine, systematically varying a single amino acid
(Library #1) or a combination of two amino acids (Library #2)
at different positions (Fig. 2b; Supplementary Fig. S1a and
Tables S1, S2, S5, and S17). We incubated each selected pro-
tease, including papain, proteinase K, human cathepsins B,
H, L, and Z, human carboxylesterases 1 and 2, pepsin, and
trypsin, individually with our p-peptide libraries under their
respective optimal working conditions, and assessed proteo-
lytic activity by liquid chromatography-mass spectrometry
(LC-MS) analysis (Fig. 2a). Preliminary results showed that
papain exhibited promising activity (> 5% cleavage yield)
against peptides from the -GGxG/a- and -GxG/Ga-
libraries, where x represents p-Trp, p-Phe, or b-Tyr (slash
indicates the cleavage site; Supplementary Data S1 and
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Tables S2-54). hCATB was also found to cleave peptides in
the —-GGjGG- library, where j corresponds to b-Trp or
p-Tyr (Supplementary Fig. S1b and Tables 518 and $19). More
pronounced proteolytic activity of papain was observed
with the two-amino-acid combinatorial libraries, partic-
ularly with -G/zzG/a-, -GzG/za-, and —-zG/zG/a-
(where z primarily prefers p-Leu and p-Tyr) (Supplementary
Data S2 and Tables S5 and Sé). Similarly, hCATB efficiently
cleaved sequences including -GyyG/G-, -GyfG/G-, and
-GfwG/G— (Supplementary Fig. S1ic and Tables S18 and
$19), indicating a preference for b-Tyr, p-Phe, and p-Trp at the
P2 position, with Gly at the P1 position.

We then synthesized the identified p-peptides and con-
firmed their susceptibility to proteolysis. Papain cleaved 24%
of peptide —yGyG/a- after 6 hours (Fig. 2c; Supplementary
Tables S7 and S8), while hCATB could cleave 20% of ~-GGyG/G—
after 12 hours (Fig. 2d; Supplementary Table $20). These
results indicate that papain and hCATB possess an inherent,
albeit moderate, capacity to hydrolyze p-peptide substrates.
Many natural proteases recognize optimal peptide substrates,
where the amino acid residues at each position contribute
synergistically to the overall catalytic efficiency, as seen with
TEV protease, HRV3C protease, or factor Xa”?'. To investigate
whether p-amino acids within p-peptide substrates exhibit
similar cooperative effects, we first conducted single-point
mutation scans to assess the positional preference of indi-
vidual p-amino acids based on the initial identified optimal
substrate sequence (Fig. 2e, i). For the p-peptide substrate of
papain, the P1 position only tolerated glycine (Fig. 2e). The P2
position showed a strong preference for o-Trp, while the P3
preferred glycine but also accommodated p-Ser and p-Ala. The
P4 position exhibited a clear preference for aromatic residues,
including o-Trp, p-Phe, and b-Tyr. In contrast, P5 showed less
specificity, with p-Leu yielding the highest cleavage efficiency.
The P1’ position favored hydrophobic p-amino acids, with
p-Tyr being the most optimal (Fig. 2e; Supplementary Fig. S2a
and Tables S8-513).

To investigate potential cooperative effects in the p-peptide
substrates of papain, we combined preferred p-amino acids at
various positions and evaluated the resulting sequences. The
peptide -1yGwG/y— showed a markedly accelerated cleav-
age rate, reaching 53% vyield within 1 hour (Supplementary



Article

a 9000 Enzymatic Peptide fragments ,,, LC-MS Cleavalge site
omeo’:::: Lﬂon;ni_. analysis > N-terminus i C-terminus
i EE— —
X %) B 60
V- 2. (P3)P2)P1/P1)P2)P3)
. . papain, proteinase K, E» o/[
Comt?mat.orlal cathepsins B/L/H/Z, 0 Y
o-peptide library carboxylesterases 1/2, 200 4°‘:nsl°° 800 1000 Substrates identification
z
b Library #1 Library #2 c Initially identified papain d Initially identified hCATB
H O Hy o H O p-peptide substrate p-peptide substrate
N~ N gzN\)LN ; OH OH OH
Anfen e o g 9
H Q9 H A AN AN ! A N N AN
N R @yt PR@@yy? Y Y
H o H o H o -D-Tyr-Gly-p-Tyr-Gly/-p-Ala- -Gly-Gly-p-Tyr-Gly/-Gly-

H\)OL Peptide Peptide
§,N\)I\Q(} H,\g,i 2@ H/\cf,'/; ’ f
’\
; @HJ’LHA‘JH\L Y@y ®-

§
H O H © v ¥

x1=k+s+d+G+m+l+w t=12h
x2=n+h+e+a+t+y -/G-
X3=q+r+vp+l+f o —GGyG/—‘
X = X1+ X2+ X3 My ¥
—_——— ———
zi=r+d+| H o 8 10 12 14 16 8 10 12 14 16
z2=k+e+y Retention time ( min) Retention time ( min)
z=z1+22
@ Positional scan of papain substrates f Optimal o-peptide subsi_:rate g Cleav_age kinetics of
(-1yGwGyw-) of papain p-peptide -1lyGwGyw-
G
h # sSINS. si A E\ENH Keat=1.3£0.1s"
N N N N, N N, N cat=1.3£0.1s
k H/\Lr tE:EI "/\g“ HT Ky =550 £ 100 uM
“NH
- ¢ oH o _ keattKn=(24£0.5)x 103 M+ 5!
o S -
g q 100 -D-Leu-p-Tyr-Gly-p-Trp-Gly/-b-Tyr-n-Trp- é 020
£ 5 2 Peptide 2
£ s0 2 2 015
¢ a S t=0 [
a 60 @ £ 0.10
I w0 5 3
f a p—y 3 0.05
—_ - wG/-  _ - =
w 20 3 Y Y */yw =
< _ £ 0.00 T T 1
y [ Not tested t=15h £ o 500 1000 1500
P5 P4 P3 P2 P1 P1' v Substrate concentration (uM)
Position 4 6 8 0 12
Optimal p-amino acid Retention time ( min)
L . . . Optimal p-peptide substrate
h Cleavage kinetics of | Positional scan of hCATB substrates J A (~rkyyGw-) of hCATB
L-peptide -LYGWGYW- G HN N OH
P1=Gly )i)/
r 1 W o Yo v 9
: .
keat=102%4 ™ h A Y Y
K, =639 46 uM K o o o 2
k]
KeatlKm = (1.6 £0.1) x 105 M+ 51 S e oH
© NH,
N 25 g s 100 o -D-Argz-D-Lys-n-Tyr-D-Tyr-GIy/-n-Trp-
w 2. —
s = q o Peptide
220 L E P 8 S [
Eis S a o @ t=0
5.0 ! w %
g f 0 =
2 o. S -/w-
£ 0.5 w s v
ZE 0.0 y

o

-rkyyG/-
T T 1 [ Not tested ¥
500 1000 1500 . t=1h
Substrate concentration (uM) PS5 P4 P.3. P2 P1 M
Position

. . . 6 7 8 9 10
Optimal b-amino acid Retention time ( min)

Fig. 2 Papain and hCATB hydrolyze p-peptide substrates with high specificity and efficiency. a The workflow for p-peptide substrates screen-
ing toward natural eukaryotic proteases. Substrate positions are designated according to canonical protease substrate nomenclature. b The
design of the combinatorial o-tetrapeptide library. x and z denote different combinations of mixed amino acids, and lowercase letters rep-
resent p-amino acids. ¢ Peptide —yGyGa— was the initially identified papain substrate, achieving 24% cleavage after 6 hours. The red dot-
ted line represents the scissile bond. The black arrow in the HPLC trace indicates the intact peptide, and the colored arrows indicate the
cleaved fragments. d Peptide ~GGyGG— was the initial identified hCATB substrate, achieving 20% cleavage after 12 hours. e Site saturation
mutagenesis screening of p-amino acids from P5 to P1’ positions based on the peptide —yGwGa- to identify optimal p-peptide substrate of
papain. The stars represent optimal p-amino acids. f Peptide —1yGwGyw— is the optimal p-peptide substrate for papain, achieving quantita-
tive cleavage within 1.5 hours. g The kinetics of papain (172 nM) cleavage of the optimal p-peptide —1yGwGyw— (n =3 independent repli-
cates, mean = SD). h The kinetics of papain (34.5 nM) cleavage of the corresponding L-peptide counterpart ~-LYGWGYW- (n = 3 independent
replicates, mean = SD). i Site saturation mutagenesis screening of p-amino acids from P5 to P1’ positions based on the peptide -GGyGG—- to
identify the optimal p-peptide substrate of hCATB. j Peptide —rkyyGw— is the optimal p-peptide substrate for hCATB, achieving 80% cleavage
within 1 hour. ¢, e, f The concentration of papain was 235 nM, and the substrate concentration was 40 uM. i, j The concentration of hCATB
was 20 nM, and the substrate concentration was 40 uM.
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Table S14). Further analysis of the P6é and P2’ positions
revealed P2’ displaying a slight preference for hydrophobic
residues, while P6 did not show strong residue preference
(Supplementary Fig. S2b and Tables S15 and $16). Ultimately,
considering substrate length and specificity, —1yGwG/yw—
was identified as the optimal p-peptide substrate, achiev-
ing over 95% cleavage after 1.5 hours at 37 °C (Fig. 2f). We
measured the kinetic constants of papain cleavage of the
p-peptide -1yGwG/yw— and found a k_, of 1.3+ 0.1 s and
a K_of 550 + 100 uM, resulting in a k_/K of (2.4+0.5) x
10° M s* (Fig. 2g). Additionally, we evaluated the proteolytic
activity of papain on the corresponding L-peptide substrate
(-LYGWGYW-) (the capital letter in the sequence indicates
L-amino acids) and found that the L-peptide substrate was
also efficiently cleaved withak_/K_of (1.6+0.1) x 10°M™s™
(Fig. 2h; Supplementary Fig. S2c).

A similar investigation was conducted on the p-peptide sub-
strate of hCATB, revealing that the P2-P4 positions exhibited
varying preferences for aromatic and positively charged resi-
dues (Fig. 2i). P5 favored hydrophobic and positively charged
residues, with a particularly high preference for b-Arg.
Consistent with its role as a recognition site of hCATB, P1’ dis-
played marked specificity for aromatic amino acids (Fig. 2i;
Supplementary Tables $20-523). Combining the preferred
residues at each position again revealed cooperative effects,
with the optimal sequence —-rkyyG/w— achieving 80%
hCATB cleavage within 1 hour (Fig. 2j; Supplementary Table
$24). Similarly, hCATB can also recognize and cleave the cor-
responding L-peptide substrate (-RKYYGW—; Supplementary
Fig. S3a).

Together, these findings establish that papain and hCATB
possess ambidextrous substrate cleavage capabilities, recog-
nizing both b- and L-peptide enantiomers and efficiently cleav-
ing the optimal p-peptide sequence identified by combining
preferred p-amino acids at specific substrate positions.

Structural analysis of hCATB recognition of p- and L-peptide
substrates

To gain deeper insight into hCATB'’s interaction with its b-pep-
tide substrate, we synthesized Ac-rkyyG-Cl (Supplementary
Fig. S3b and Data S3a) as a hCATB covalent inhibitor to tar-
get its catalytic Cys29 for structural characterizations®*?.
Ac-rkyyG-Cl successfully formed a covalent bond with
hCATB (Supplementary Data S4 and Fig. S3b, c), enabling crys-
tallization of the complex and structure determination at an
average resolution of 1.5 A (PDB: 9XHR; Supplementary Table
$25). The p-peptide forms a stable complex within the active
site of hCATB, with a covalent bond to the catalytic residue
Cys29 clearly resolved (Fig. 3a-d). There were six hydrogen
bonds between the p-peptide substrate and the protease:
P1-Gly with GIn23 and Cys29, P2-p-Tyr with Gly74 and Glu245,
and P4-p-Lys with Ser175 and Gly198 (Fig. 3c). The side chain
of P2-p-Tyr was well-positioned in the active pocket, while the
P3-p-Tyr side chain extended outward, and the P5-p-Arg and
P3-p-Tyr side chains were not well resolved in the electron
density map (Fig. 3b-d).

To compare the recognition modes of hCATB toward the
p-peptide and its enantiomeric L-peptide counterparts,
we also prepared the L-peptide-based covalent inhibitor
Ac-RKYYG-Clandatruncated L-peptide substrate, Ac-YYG-ClI
(Supplementary Data S3b-d). Only the co-crystal structure of
hCATB in complex with Ac-YYG-Cl was successfully obtained
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(PDB: 9VA8; Supplementary Table S26), revealing a well-
resolved electron density map for the bound peptide (Fig. 3a-d).
The structure revealed that the L-peptide substrate (-YYG-)
interacts with hCATB in a different manner, binding at the
opposite side of the binding groove compared to the p-pep-
tide substrate, forming four hydrogen bonds with hCATB:
P1-Gly with GIn23 and Cys29, and P2-p-Tyr with Gly121 and
Trp221 (Fig. 3a-c). Interestingly, the loop Thr120-Gly123 of
hCATB went through a conformational change to accommo-
date the binding of the L-peptide substrate (Supplementary
Fig. S3d). In addition, we validated that the truncated
L-peptide -YYG- substrate was also cleaved by hCATB, exhib-
iting comparable catalytic efficiency to the p-peptide substrate
-rkyyG-  (Supplementary Fig. S3e). For a more rigorous
comparison between the - and p-enantiomers, we crystal-
lized hCATB modified with Ac-yyG-Cl. Unfortunately, unlike
the Ac-rkyyG-hCATB and Ac-YYG-hCATB complexes, the
local electron density corresponding to Ac-yyG in the hCATB
structure was poorly resolved (Supplementary Fig. S4), indi-
cating the presence of multiple interacting conformations of
this substrate.

The p-peptide substrate of hCATB was developed as a
cleavable linker for ADCs

Cathepsin B is implicated in various physiological and patho-
logical processes®?. For instance, Cathepsin B is overex-
pressed in many tumors, and its peptide substrates have
been used to design cleavable linkers for payload release in
ADCs***. Currently, the most commonly used enzyme-cleav-
able linkers are based on short peptides, such as -Gly-Gly-
Phe-Gly-(-GGFG-) and -Val-Cit-(—vC-), which are found in
commercial ADCs”. The ability of —rkyyG- to be efficiently
cleaved by cathepsin B suggests its potential for designing new
ADCs. Moreover, many current peptide linkers used in ADCs
are hydrophobic, which can contribute to their instability.
In contrast, —rkyyG— contains two positively charged resi-
dues, significantly enhancing the hydrophilicity of the linker.
Additionally, the b-peptide configuration ensures greater
stability in plasma, contributing to the overall stability of the
designed ADCs.

We introduced a spacer, 3-(4-aminophenyl) propi-
onic acid, at the C-terminus of the p-peptide substrates
to mimic the self-immolative p-aminobenzyl carbamate
(PAB) spacer commonly used in ADCs (Supplementary Fig.
S3f). This modification proved fully compatible with the
-rkyyG- sequence, resulting in complete cleavage within
30 minutes (Supplementary Fig. S3e and Table 527). We
measured the cleavage kinetic parameters of hCATB on
the —rkyyG/spacer— substrate and found a k_, of 30 +
3s'and a K, of 649 + 111 uM, resulting in a kcat/Km of
(4.6 £0.6) x 10° M s7* (Fig. 3e). In comparison, the kinetic
parameters of hCATB on the commercial ADC linkers —vC—
and ~GGFG- yielded k_/K_values of (9.7 £1.9) x 10°M™"s™
and (3.4+0.4) x 10° M™" s7', respectively (Fig. 3f, g). Thus,
the p-peptide linker demonstrates enzymatic efficiency
comparable to these widely used L-peptide ADC linkers,
positioning it as a strong candidate for efficient drug release
in ADCs. Then pH-dependent activity was evaluated, and
-rkyyG/spacer— was found to be optimally cleaved at
pH 5.5-6.0 (Supplementary Fig. S5), consistent with endo-
somal and lysosomal conditions where ADC payloads are
expected to be released. Furthermore, the observed kcat/Km
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value of hCATB acting on the p-peptide linker is comparable
to those of the widely used proteases. For example, TEV
protease has a k_/K_value of 7.0 x 10° M™ s™, HRV3C pro-
tease has a k_/K_ value of 6.1x 10° M™* s7*, and Factor Xa
hasak_/K_value of 3.0 x 10° M™* 5™ for its optimal peptide
substrate”. These findings show that hCATB possesses the
capability to proteolyze p-peptide substrates with an effi-
ciency rivaling or exceeding those of widely used natural
L-proteases, underscoring its effective heterochiral catalytic
function. In addition, we measured the catalytic efficiency
of hCATB toward the corresponding L-peptide substrate
-RKYYG-, which showed a k_/K value of (6.7+0.7) x
10° M™' s (Fig. 3h), indicating ambidextrous substrate rec-
ognition and catalysis.

Next, we attached -rkyyG-PAB-MMAE to the anti-HER2
antibody trastuzumab (Tz) to prepare a homogeneous ADC
(Fig. 4a). Additionally, we created a positive control ADC
using the commercially used -vC-PAB-MMAE, following
the same procedure. Cytotoxicity assays confirmed that
the ADC constructed with our p-peptide linker could effec-
tively kill HER2-positive SK-BR-3 cells (HER2"™, IC_ =0.044 +
0.005 nM) and JIMT-1 cells (HER2", IC_ =0.032+0.002 nM)
while exhibiting minimal toxicity to HER2-negative MCF-7 cells
(Fig. 4b). The positive control ADC (with —vVC-PAB-MMAE)
showed expected cytotoxic activity towards HER2-positive
cells. Additionally, none of the ADCs exhibited cytotoxicity to

CHO-K1 cells, indicating the prepared ADC activities are tar-
get-dependent (Fig. 4b).

We assessed the stability of the b-peptide linker ADC
(Tz-rkyyG-MMAE) in human, Sprague-Dawley rat, and
mouse plasma, comparing it to an ADC constructed with
the commonly used —vC- linker. The results showed that
Tz-rkyyG-MMAE remained stable across all three plasmas,
retaining more than 73%, 85%, and 67% of intact ADC after 14
days of incubation (Fig. 4c; Supplementary Table $28). In com-
parison, Tz-VC—MMAE showed reasonable stability in human
and Sprague-Dawley rat plasma, retaining over 55% and 68%
of the intact ADC after 14 days. However, it was highly unsta-
ble in mouse plasma, with less than 20% remaining after 10
minutes (Fig. 4c; Supplementary Table 528), likely due to rapid
cleavage by mCES1c targeting the —vC— linker®?. In vivo sta-
bility tests in mice further confirmed that Tz-rkyyG-MMAE
exhibited significantly better stability than Tz-vC-MMAE
(Fig. 4d; Supplementary Table 529).

To evaluate the broad compatibility of the p-peptide as a
cleavable linker for different ADCs, we prepared an anti-
CLDN18.2 ADC using —-rkyyG-PAB-MMAE, along with a
positive control using —vVC-PAB-MMAE. Testing on AsPC-1-
CLDN18.2 pancreatic cancer cells and NUGC-4 gastric cancer
cells (CLDN18.2") revealed that the p-peptide linker ADC exhib-
ited comparable cytotoxic activity to control, with IC, values
of 2.5+1.2 nM for AsPC-1-CLDN18.2 and 0.5+0.1 nM for
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Fig. 4 The p-peptide substrate of hCATB was developed as a cleavable linker for ADCs. a Chemical structure of ADC constructed using
p-peptide —rkyyG-. b Cytotoxicity of anti-HER2 ADCs in tumor cells. ADC(rkyyG-MMAE): SK-BR-3 (IC, =0.044+0.005 nM), JIMT-1
(IC,, = 0.032 +0.002 nM), and MCF-7 (IC, =229 nM + 59 nM). ADC(VC-MMAE): SK-BR-3 (IC,, = 0.067 +0.010 nM), JIMT-1 (IC,, = 1.9 £0.2 nM),
and MCF-7 (IC,, =610 nM = 550 nM) (n = 3 independent replicates, mean £ SD). ¢ In vitro plasma stability of anti-HER2 ADCs across different

species (n = 3 independent replicates; mean values of concentration

s were analyzed). d In vivo pharmacokinetics of anti-HER2 ADCs in mice

following tail vein injection at 1 mg/kg (n = 6). e Cytotoxicity of anti-Claudin 18.2 ADCs in tumor cells. ADC(rkyyG-MMAE): AsPC-1-CLDN18.2

(IC,,=2.5+ 1.2 nM) and NUGC-4 (IC_ = 0.5 £ 0.1 nM). ADC(VC-MMAE
(n =3 independent replicates, mean + SD). f In vivo tumor suppressio
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n efficacy of ADCs in the NUGC-4 xenograft model. Data points represent

mean values, with error bars indicating SEM (n = 6). Statistical analysis was performed in GraphPad Prism 9.5 using an unpaired two-tailed
t-test comparing ADC(rkyyG—MMAE) and ADC(VC-MMAE), yielding P = 0.0061.

NUGC-4 (Fig. 4e). Additionally, neither ADC showed cytotoxic
effects on CHO-K1 cells, confirming the specificity of the ADCs
(Supplementary Fig. S6).

We further evaluated the in vivo efficacy of anti-CLDN18.2
ADCs constructed with the p-peptide linker, comparing them
to ADCs using the commercial —vC- linker in NUGC-4 xeno-
graft tumor models (Fig. 4f; Supplementary Fig. S7). Both
ADCs demonstrated potent antitumor activity, significantly
suppressing tumor growth (Fig. 4f). Notably, following the
second dose, the p-peptide linker ADC began to exhibit supe-
rior efficacy, a trend that persisted through the end of the
study. This enhanced performance is likely attributable to the
higher plasma stability of the p-peptide linker, which may have
enabled more efficient drug delivery to the tumor site.

The cathepsin family comprises a range of proteases, among
which cathepsins B, L, and S have been implicated in the cleav-
age of ADC linkers®. To assess the specificity of the b-peptide
linker, we examined whether it was selectively recognized by
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cathepsin B or could also be cleaved by other cathepsins, includ-
ing hCATA, hCATC, hCATL, hCATS, and hCATV. Our results showed
that the —rkyyG/spacer— exhibited high selectivity for hCATB,
achieving 100% cleavage after 30 minutes (Supplementary
Fig. S3e), while none of the other cathepsins could cleave the
p-peptide substrate visibly, even when using more than 10
times the amount of proteases and extending the incubation
time to 12 hours (Supplementary Fig. S8 and Table $30). In con-
trast, most cathepsins efficiently cleaved the —vC/spacer— and
—GGFG/spacer— linkers (Supplementary Fig. S8 and Table S30).
The high specificity of —rkyyG/spacer— for hCATB suggests
potential safety advantages in ADC applications by minimizing
unintended premature payload release and associated toxicity.

Together, these data suggest that the b-peptide linker
identified for hCATB can be efficiently cleaved and may be
well-suited for various ADC applications, potentially offering
improved hydrophilicity, enhanced stability, and greater selec-
tivity compared to existing linker designs.
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mCES1c hydrolyzes glycine-free, all p-peptide substrates with
high catalytic efficiency and sequence specificity

During the plasma stability study of ADC (Tz-rkyyG-MMAE),
we still observed some degradation in mouse plasma, despite
the expectation that p-peptides should be completely sta-
ble. Previous studies have shown that mCES1c is responsible
for the instability of the —vC— linker, leading us to hypothe-
size that mCES1c might also show some level of activity on
the —rkyyG- peptide. Upon incubation with mCES1c, we
observed low catalytic activity, with approximately 20% of the
-rkyyG/— peptide cleaved after 24 hours (Fig. 5a).

We next examined whether the p-peptide substrate could
be further optimized for mCES1c. Single-site mutagenesis
revealed a strong P1 preference for o-Trp, p-Phe, or b-Tyr, a P2
preference for p-Leu, high P3 selectivity for hydrophobic resi-
dues, especially o-Trp, and a P4 preference for p-Leu (Fig. 5b;
Supplementary Data S5 and Tables S31-534). By combining the
preferred p-amino acids at each position, we again observed
a synergistic effect and identified the sequence —rlwlw/—,
which achieved over 90% cleavage within 1 hour at 37 °C
(Fig. 5¢). Kinetics analysis showed that mCES1c proteolyzed the
p-peptide —rlwlw/-withak_ of2.3+0.2s"andak_of398+
67 UM, yielding a catalytic efficiency (k_/K ) of (5.7 £ 0.6) x
10° M s (Fig. 5d). mCES1c was also found to proteolyze
the corresponding L-peptide substrate —RLWLW-. However,
in contrast to the papain and hCATB cases, the L-peptide sub-
strate -RLWLW— was cleaved by mCES1c with lower catalytic

efficiency, exhibiting a k_/K_ of (1.6 = 0.2) x 10° M s
(Fig. 5e; Supplementary Fig. S9).

These findings suggest that eukaryotic proteases could also
recognize and efficiently cleave all glycine-free p-peptides. In
certain cases, p-peptides may be recognized and processed
more efficiently than their L-peptide counterparts, even
though L-proteases predominantly prefer L.-peptide substrates.

Molecular dynamics (MD) study of enantiomeric substrate
recognition by different proteases
We next performed MD simulations to gain mechanistic
insight into the recognition of enantiomeric substrates by
hCATB, papain, and mCES1C. We first validated the simulation
setup using hCATB complex structures with Ac-rkyyG-Cl
or Ac-YYG-CI. In both cases, the substrates remained stably
bound to hCATB throughout the simulations (Supplementary
Fig. S10 and Videos S1, S2). We then examined the recognition
of the p-tripeptide (—yyG—) by hCATB, starting from the exper-
imentally resolved Ac-rkyyG-CI-hCATB complex and com-
putationally removing the two N-terminal residues. In contrast
to the stable binding observed for the L-tripeptide (-YYG-),
the b-tripeptide (—yyG-) displayed pronounced conforma-
tional heterogeneity during the simulations, consistent with
the inability to assign a single well-defined conformation in the
crystal structure (Supplementary Fig. $10 and Videos S2, S3).
Computational modeling of substrate recognition in papain
and mCES1c reveals distinct chiral recognition mechanisms. In
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Fig. 5 mCES1c recognizes and hydrolyzes Gly-free p-peptide substrate with high specificity and efficiency. a The peptide —rkyyG-spacer—
was initially identified as a substrate of mCES1c, achieving 20% cleavage after 24 hours. The red dotted line is the scissile bond. The black
arrow indicates the intact peptide, while the colored arrow indicates the cleaved fragments. b Site saturation mutagenesis screening of
p-amino acids from P5 to P1 positions to identify the optimal p-peptide substrate of mCES1c. ¢ Peptide —r1wlw- is the optimal p-peptide
substrate for mCES1c, achieving over 90% cleavage within 1 hour. The concentration of mCES1c was 33.7 nM, and the substrate concentration
was 40 pM (a-c) . d, e The kinetics of mCES1c (84 nM) cleavage of p-peptide —r1wlw— (d) and the corresponding L-peptide —RLWLW- (e)

(n = 3 independent replicates, mean + SD).
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papain, .- and p-peptides bind to the same substrate-binding
pocket and engage similar interacting residues, despite adopt-
ing different conformations during the MD simulations; in
both cases, - stacking with Tyr67 and with Trp177 contrib-
utes to enantiomeric substrate recognition (Supplementary
Fig. S11 and Videos S4, S5). In contrast, mCES1c displays
strong asymmetry in binding poses between chiral substrates:
the -peptide (—-RLWLW-) is stabilized by a C-terminal hydro-
gen-bonding network, whereas the p-peptide (—rlwlw-)
binds in a distinct pose characterized by a salt bridge with
Glu228 (Supplementary Fig. $12 and Videos S6-S8). Together,
these results indicate that chiral recognition reflects different
balances between pocket plasticity and conformational flexi-
bility and is highly system-specific.

DISCUSSION

Natural proteins are inherently homochiral, restricting inter-
actions with partners of the same chirality and excluding
p-enantiomers. Consequently, inverting the chirality of one
interacting partner — such as switching from an L-peptide
substrate to a p-peptide substrate — usually disrupts pro-
tease recognition and catalysis. Although it has been shown
that heterochiral binding interactions can be engineered — for
example, via mirror-image phage display, de novo design, or
retro-inverso peptides — these systems enforce strict chiral
complementarity: inverting the chirality of either partner abol-
ishes binding, reflecting the absence of the reported ambidex-
trous recognition in this study*'®™. In prokaryotic systems,
certain enzymes have evolved to recognize short p-peptides
(e.g. p-Ala-p-Ala) for functional purposes, yet they retain chi-
ral fidelity and do not act on the corresponding L-substrates —
indicating little capacity for ambidextrous substrate interac-
tions®*. Rare natural exceptions include GroEL/ES chaperonin
folding both (- and p-DapA proteins and prothymosin-a bind-
ing peptide enantiomers®®*. These interactions appear to
be driven primarily by nonspecific hydrophobic and electro-
static forces®*. Accordingly, ambidextrous interactions with
defined molecular specificity and efficient substrate catalysis,
such as those mediated by proteases, have not been previ-
ously demonstrated.

Here, through combinatorial screening of p-peptide librar-
ies, we discovered three eukaryotic proteases — papain,
hCATB, and mCES1c — that had not previously encountered
p-proteins evolutionarily, yet could specifically and efficiently
cleave p-peptide substrates, with k_ /K values ranging from
2.4x10°M™*s ' to 4.6 x 10* M s7%. These proteases were also
found to hydrolyze the corresponding L-peptide with the same
sequence, marking the discovery of ambidextrous proteolytic
activity, where an L-protease can interact and efficiently cleave
both the L- and p-enantiomers of the same peptide sequence.

In our study, three of the ten proteases evaluated exhibited
heterochiral catalytic activity toward p-peptides. Although this
activity is not generalizable across all proteases, its presence
in multiple enzymes indicates that heterochiral catalysis is not
an isolated exception and may be uncovered more frequently
through expanded protease screening. Notably, when assayed
at higher enzyme concentrations, hCATL was also found to
cleave p-peptide substrates with sequence preferences sim-
ilar to those of cathepsin B, albeit with substantially lower
catalytic efficiency (Supplementary Fig. S13 and Tables S35
and S36). This reduced efficiency likely accounts for why such
activity was not detected in the initial screens conducted at
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lower enzyme concentrations. The shared substrate recogni-
tion pattern between hCATB and hCATL is likely attributable to
their close structural similarity (Supplementary Data S6).

The proteases capable of heterochiral recognition exhibit
promiscuous substrate specificity toward L-peptides, which
may confer the flexibility required to accommodate and pro-
cess p-peptides. Yet, in contrast to their broad acceptance
of diverse L-peptide sequences, these proteases exhibit high
sequence specificity for p-peptides, efficiently cleaving only
optimal p-peptide substrates at defined sites. This stringent
sequence requirement likely explains why such heterochiral
activity has gone unnoticed in previous studies. We specu-
late that other proteases with promiscuous specificity toward
L-peptide substrates may likewise possess the flexibility to
recognize and cleave bp-peptide substrates, warranting fur-
ther investigation. For such efforts, we recommend a strategy
similar to the one we employed — comprehensive screening
of combinatorial p-peptide libraries. Moreover, even more
sophisticated library designs could be implemented, drawing
on precedents established for L-peptide substrate profiling'®.
Such systematic investigations may uncover additional prote-
ases capable of proteolyzing p-peptides, opening avenues for
diverse downstream studies.

However, we note that L-peptide substrate promiscuity
alone does not guarantee the recognition or processing of
p-peptides. In our experiments, the closely related prote-
ases hCATH and hCATZ did not cleave p-peptide substrates,
nor did proteinase K, despite their reported L-peptide sub-
strate promiscuity (Supplementary Data $S6-59). These results
indicate that L-peptide promiscuity is a necessary but not
sufficient condition for p-peptide catalysis, and that each pro-
tease must be individually evaluated for its ability to process
p-peptide substrates. Moreover, establishing a clear relation-
ship between protease structure and p-peptide cleavage capa-
bility remains challenging based on the current dataset. Papain
and the cathepsins examined here share a similar overall
structural scaffold and substrate-binding pocket architecture
and conserve several active-site residues (Supplementary Data
S6), yet only papain and hCATB efficiently cleave p-peptides
with distinct sequence preferences, with hCATL exhibiting only
marginal activity. In contrast, hCATH and hCATZ showed no
detectable p-peptide cleavage. Generalization of this p-peptide
cleavage phenomenon will require further investigation. For
proteases with high substrate specificity, such as trypsin,
cleavage of p-peptide substrates is unlikely. These enzymes
possess rigid, chiral-specific binding pockets optimized for
L-peptides, with substrate recognition dominated by ste-
reospecific P1-S1 interactions. In trypsin, the S1 pocket forms
specific ionic interactions with L-arginine or L-lysine at the P1
position, and the inverted chirality of p-amino acids creates
an unavoidable mismatch at this interface. This mismatch can-
not be compensated by other enzyme-substrate interactions,
explaining why trypsin and, similarly, specific proteases fail to
recognize and cleave p-peptide substrates, consistent with our
experimental observations. Importantly, the observed p-pep-
tide catalytic efficiencies (k_/K_ ranging from 2.4x 10° M s™
to 4.6x10* M s™') are comparable to those of the widely
used proteases — such as TEV protease, HRV3C protease, and
Factor Xa — acting on their optimal substrates (kcat/Km val-
ues: 6.0x10° M 5! to 3.0x 10" M s)*?'. These findings
suggest that eukaryotic proteases can indeed recognize and
cleave p-peptide substrates with comparable efficiencies to
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those observed for natural L-peptides. In each case we exam-
ined, the individual p-amino acids at different positions of the
p-peptide substrate acted cooperatively, collectively enhanc-
ing the catalytic efficiency of the optimal substrate — similar
to how natural proteases such as TEV protease and HRV3C
protease recognize their optimal substrates.

Given that hCATB is widely used for payload release in ADCs,
we adapted its p-peptide substrate into a cleavable linker and
characterized its performance. The resulting p-peptide linker
exhibited high aqueous solubility, strong plasma stability, and
cleavage efficiency comparable to commercial linkers such as
—GGFG- and -vC-. ADCs constructed with this linker achieved
potent tumor suppression in cell assays and superior effi-
cacy in xenograft models. Importantly, while the commercial
linkers are susceptible to cleavage by multiple cathepsins, the
p-peptide linker was selectively cleaved by hCATB, with no
obvious activity from other closely related cathepsins. This
high level of protease specificity suggests that p-peptide
linkers could provide more precise payload release, potentially
reducing the off-target toxicity and improving the therapeu-
tic window. Collectively, these properties highlight the prom-
ise of p-peptide linkers as a selective and robust alternative
to conventional ADC linkers, warranting further exploration in
targeted therapeutic development.

In summary, we designed a tailored synthetic p-peptide
combinatorial library and revealed a hidden capacity of natural
eukaryotic proteases to recognize and efficiently cleave both L-
and p-peptides of identical sequence. This discovery extends
the current understanding of protease specificity by revealing
unexpected flexibility in substrate recognition and demonstrat-
ing that ambidextrous protease recognition occurs in defined
contexts. These findings may further suggest a broader frame-
work for biomolecular interactions, potentially rooted in the
origins of molecular recognition or preserved through latent
evolutionary processes. Given the central role of proteases
across diverse physiological pathways, this discovery offers a
foundation for innovative applications spanning next-genera-
tion protease inhibitors, activity-based probes, peptide-based
self-assembly materials, and highly selective cleavable linkers
for prodrugs — establishing new opportunities for precision
therapeutics, diagnostics, and molecular engineering.

MATERIALS AND METHODS

Peptide synthesis

All screened peptides were synthesized on a 0.01 mmol scale
using an automated parallel peptide synthesizer (Syro I,
Biotage) at room temperature unless otherwise stated. Fmoc-
Rink amide resin was utilized. Each amino acid was double
coupled, and the cycle comprised 12 minutes of coupling
with 200 pL of Fmoc-protected amino acid (0.5 M in N,N-
dimethylformamide (DMF)), 200 uL of 1-[Bis(dimethylamino)
methylen]-5-chlorobenzotriazolium 3-oxide hexafluoro-
phosphate (HCTU) (0.475 M in DMF) and 100 uL of N,N-
diisopropylethylamine (2 M in N-Methyl-2-pyrrolidone
(NMP)), followed by a 3-minute wash with DMF three times,
deprotection with 20% (v/v) 4-methyl piperidine (PIP) in DMF
once, and a 3-minute wash with DMF four times. Upon com-
pletion, acetylation of the N-terminus was achieved using
acetic anhydride:N,N-Diisopropylethylamine (DIEA):DMF in a
1:1:8 ratio at room temperature for 30 minutes, followed by
four DMF washes. The resins were then extensively washed
with dichloromethane (DCM) and dried under vacuum.

Peptides were cleaved from the resins and side chains were
deprotected using a cocktail of 2.5% (v/v) water and 2.5%
(v/v) triisopropylsilane in neat trifluoroacetic acid for 2 hours
at room temperature. The resulting peptide solution was fil-
tered, precipitated, and washed with cold diethyl ether twice.
After evaporation, the peptide solid was dissolved in 50%
solvent A/B (v/v) and lyophilized. The molecular weight and
purity of peptides were confirmed by LC-MS.

HPLC and LC-MS analysis

LC-MS analysis was performed using an Agilent 1260-6230 sin-
gle Time of Flight (ToF) LC-MS. The column used was Agilent
ZORBAX 3.5 um 300SB-C18 and Agilent ZORBAX 5 pum 300SB-CN.

Nomenclature rules

Following the IUPAC (International Union of Pure and Applied
Chemistry) and IUB (International Union of Biochemistry)
nomenclature rules, common amino acids are represented by a
one-letter symbol or a three-letter symbol. The p-configuration is
indicated by adding “p-" before the three-letter code or by using
the one-letter code with the “p-" prefix. Peptide sequences are
written from the N-terminus (amino terminus) to the C-terminus
(carboxyl terminus), and the “p-" prefix is used for each p-amino
acid in the sequence. A hyphen separates the amino acids in
the sequence. The cleavage site is typically indicated by a slash
(/) between the scissile bond. The positions around the scissile
bond are labeled from Pn to Pn’. Pn denotes the general term
for the amino acid residue n positions N-terminal to the scissile
bond, and Pn’ denotes the general term for the amino acid res-
idue n positions C-terminal to the scissile bond. For example,
-P3-P2-P1/P1’-P2’-P3’-. Additionally, any modifications to the
amino acids are indicated by their respective symbols or abbre-
viations (Ac- for an N-terminally acetylated peptide, e.g.,).

Combinatorial p-peptide library

p-Amino acids existed in combinatorial substrate libraries: k,
s,d,G,m,l,w,n, h,e, a,tvyaq,ry,p,i andf. These p-amino
acids were mixed in different relative ratios to ensure an equal
distribution in the synthesized peptides (Supplementary Table
51)***_ The combinatorial substrate Library #1 encompasses all
these p-amino acids (x), categorized into three groups (x,-x,)
based on their properties (Supplementary Table $2). The com-
binatorial substrate Library #2 encompasses six p-amino acids
(z), categorized into two groups (z, and z,) based on their
properties (Supplementary Table S5). The combinatorial sub-
strate Library #1/#2 features a Gly residue at the C-terminus
of the screened p-peptide and consists of 12 p-amino acids
(i), categorized into three groups (j,-j,) based on their prop-
erties (Supplementary Table S17). The combinatorial substrate
Library #3 incorporates 19 p-amino acids (v) at the P1 position,
categorized into three groups (vl—v3) based on their properties
(Supplementary Table S31).

Expression, purification, and activation of human
pro-cathepsin B

The gene encoding human pro-cathepsin B (Arg18-11e339)
(NP_001899.1) was synthesized by Genewiz, Suzhou, China.
This gene was cloned into the pcDNA3.4 vector, which included
the IL10 secretory signal peptide and an 8-His tag at the
N-terminus. The amino acid sequences are provided below.
KOD One™ PCR Master Mix-Blue (ThermoFisher Scientific) was
used for PCR amplification of the DNA. The gene fragments
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were assembled using the Gibson assembly kit (Vazyme,
Cat.# C115-01). The resulting plasmids were transformed into
Escherichia coli DH5a for amplification. The amplified plasmids
were subsequently extracted using a GoldHi EndoFree Plasmid
Maxi Kit (CWBio, Cat.# CW2104M). To confirm the enzy-
matic active site of cathepsin B, a dead mutant (C29A) was
constructed based on the wild-type human pro-cathepsin B.
Additionally, the S115A mutation was introduced to eliminate
primary N-glycosylation*, facilitating the determination of
the molecular weight via LC-MS.

Expi293F cells (Invitrogen) were cultured in SMM 293-TlI
medium (Sino Biological, Lot. RZ14NO1601) at 37 °C under
6% CO, in a CRYSTAL shaker (140 rpm). The cells were tran-
siently transfected with plasmids and polyethyleneimine (PEI)
(Polysciences, Cat.# 24765-1) when the cell density reached
approximately 1.5 x 10¢/mL. A total of 1.5 mg of plasmid was
premixed with 3.9 mg of PEl (1:2.6) in 50 mL of fresh medium
for 20 minutes before being added to a 1 L cell culture.
The transfected cells were cultured for 84-96 hours before
harvesting.

For purification of human pro-CATB, cell supernatants were
harvested by centrifugation at 1200x g for 5 minutes. Then,
the supernatants were loaded onto Ni-NTA beads (Genscript,
Cat.#L00666-100) and washed with washing buffer (10-30 mM
imidazole, 1x PBS, pH 7.4). The proteins were then eluted with
elution buffer (100 mM imidazole, 1x PBS, pH 7.4). Following
SDS-PAGE and Coomassie blue staining, the eluents with the
highest purity were concentrated to a specific volume and dia-
lyzed into PBS buffer (pH 7.4). The concentrated protein was
stored at -80 °C.

The activation buffer is acidic*, consisting of 25 mM MES,
pH 5.5, 1 mM EDTA, and 2 mM DTT. Concentrated proteins
were fully activated by dilution at least 50-fold in the activa-
tion buffer, followed by incubation at 37 °C for 30 minutes
(Supplementary Data S4a, b) or at room temperature for
90 minutes (Supplementary Fig. S3b). Activation efficiency
was confirmed by SDS-PAGE and LC-MS. The enzymatic
activity of the proteases was assessed using the candidate
p-linker (-rkyyG-spacer—) at both high and low [E]/[S] ratios
(Supplementary Data S4c).

Expression and purification of antibodies

The pVITRO1-Tz-CASTi plasmid was prepared previously® and
the CASTi tag was inserted at the C-terminus of the Tz heavy
chain. The anti-Claudin 18.2 antibody plasmids (heavy chain
and light chain) were obtained from collaborators (Oricell
Therapeutics), and the CASTi tag was inserted at the C-terminus
of the heavy chain. Expression of the antibody was the same
as for the human pro-CATB mentioned above. For the Tz-CASTi
plasmid, a total of 1.5 mg of plasmid was premixed with 3.9 mg
of PEl (1:2.6) in 50 mL of fresh medium. For anti-CLDN18.2-
CASTi, a 2:1 ratio of light to heavy chain plasmids was pre-
pared, and a total of 1.5 mg of the mixture was premixed with
3.9 mg of PEl (1:2.6) in 50 mL of fresh medium. The medium
supernatant was collected by centrifugation at 1,200x g for
5 minutes. The supernatants were loaded twice on Protein A
beads (GenScript, Cat.# L00210-50) and washed with PBS buf-
fer for 10 column volumes. The antibodies were then eluted
with 0.1 M glycine (pH 3.0) and immediately neutralized with
0.2 M NaHCO, (pH 8.2). The elution was concentrated and
subjected to size-exclusion chromatography (Superdex 200
Increase 10/300 GL, GE Healthcare) in N-Methylmorpholine
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(NMM) buffer (50 mM, 0.2 M NaCl, pH 7.4). Purified proteins
were harvested, analyzed by LC-MS, and stored at -80 °C.

Kinetics determination of proteases by LC-MS

The enzyme reaction buffers were identical to those used in
the screening, as previously mentioned. The optimal concen-
tration of proteases was measured by pre-experimentation
to ensure that 100 pM of substrate could saturate cleavage
within 1 hour. For detection experiments, the substrate was
diluted in a gradient from millimolar to micromolar concentra-
tions using the reaction buffer and preheated at 37 °C for 5
minutes. The reaction was initiated by adding an equal con-
centration of protease. The reaction was terminated by sam-
pling and boiling at various time points, and the cleavage was
monitored using LC-MS. For the calibration of peak heights,
the ratio of peak heights of the target product to those of the
raw material was calculated by preparing mixtures of differ-
ent ratios of the product and raw material, and the ratio cor-
responding to a low percentage of the product was used as
the calibration coefficient. Then, the peak heights of the prod-
ucts and raw materials were calibrated to calculate the actual
yields, and the yields were converted to the molar amount of
the product based on the substrate concentration. The slope
of the linear region of the kinetic assay, obtained from the sub-
strate diluted at gradient concentrations, was selected as the
initial reaction velocity (v ) for fitting the data to the Michaelis-
Menten equation.

The k_, and K_ values were obtained by fitting the sub-
strate concentration and initial velocity data to the equation
v,=(V__[S])/(K_+I[S]) using GraphPad Prism software. Here,
v, represents the initial velocity of the enzyme with its cor-
responding substrate concentration [S], and v denotes
the maximum enzyme velocity at saturated [S]. V. =k_[E],
where [E]T is the total protease concentration used in the
assay. K _ is the substrate concentration [S] at which the reac-
tion rate is half of v . All data were plotted, calculated, and
analyzed using GraphPad Prism 9.5.0.

Co-crystallization and structure determination
Human pro-CATB-S115A was activated in activation buffer
(100-fold dilution, 25 mM MES, pH 5.5, 1 mM EDTA, 2 mM
DTT) for 90 minutes at room temperature (Supplementary
Fig. S3b). Amicon Ultra filter with a 10 kDa cut-off was used
to remove DTT and the propeptide. The Ac-rkyyG-hCATB
complex was covalently formed by incubating a 5-fold molar
excess of Ac-rkyyG-Cl (4 mM in DMSO) with 1.5 mg of active
hCATB-S115A in binding buffer (25 mM MES, pH 5.5) for 30
minutes at room temperature®. The complex was buffer-ex-
changed more than four times into binding buffer using an
Amicon Ultra filter (10 kDa) and finally concentrated to 10 mg/
mL. Ac-YYG-hCATB complex was prepared in the same way as
the Ac-rkyyG-hCATB complex (Supplementary Data S3b-d).
The crystallization conditions were screened in 96-well
hanging-drop trays from Hampton Research and the tem-
perature was kept at 18 °C. Crystals were grown using the
hanging-drop vapor diffusion method by mixing the pro-
tein solution and well buffer in ratios of 1:1, 1:2, or 2:1. The
Ac-rkyyG-hCATB complex was successfully crystallized in
conditions D9 (0.1 M bicine, pH 8.5, 20% w/v PEG 10K, 0.2 pL
complex:0.1 pL well-buffer) from the Hampton PEG-Rx HT
kit and F10 (0.1 M MES monohydrate, pH 6.5, 12% w/v PEG
20K, 0.1 pL complex:0.2 pL well-buffer) from the Hampton
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Crystal Screen HT kit. For sample preparation, crystals were
mounted on loops and submerged in a cryoprotectant (res-
ervoir solution plus 20% (v/v) glycerol). Diffraction data were
collected using a single-crystal X-ray diffractometer (Rigaku,
XtaLAB Synergy Customer) at 100 K. The structure from con-
dition D9 was determined by data reduction and molecular
replacement with Phaser in CCP4i2, using PDB 6AY2%*® with
the ligand removed as the model. The structures were refined
iteratively in Phenix. The diffraction data and refinement sta-
tistics for Ac-rkyyG-hCATB (PDB: 9XHR) are presented in
Supplementary Table S25.

The Ac-YYG-hCATB complex was successfully crystallized in
conditions B4 (0.1 M HEPES sodium pH 7.5, 1.5 M lithium sul-
fate monohydrate, 0.5 pL complex:0.5 pL well-buffer) from the
Hampton Crystal Screen HT kit, and F11 (1.6 M ammonium
sulfate, 0.1 M MES monohydrate pH 6.5, 10% v/v 1,4-dioxane,
0.15 pL complex:0.1 pL well-buffer) from the Hampton Crystal
Screen HT kit. Finally, the structure from condition F11 was
analyzed, and the diffraction data and refinement statistics for
Ac-YYG-hCATB (PDB: 9VA8) are presented in Supplementary
Table S26.

ADC preparation and cytotoxicity assay

Consistent with the published conjugation method®’, a boronic
acid reagent with an azide group was synthesized and the
CASTi tag attached to the C-terminus of the antibody heavy
chain was specifically modified. DBCO-PEG3-rkyyG-MMAE
and DBCO-PEG3-VC-MMAE (10 mM stock solution in DMSO,
10 equivalents) were added to initiate the click reaction with
the azide in PBS buffer (pH 7.4). The mixture was incubated
at 37 °C for 2 hours or longer, and the reaction progress was
monitored using LC-MS. Upon completion of the reaction,
excess peptides were removed by dialysis in PBS. The ADCs
were then concentrated, filtered, and quantified using a BCA
kit (Beyotime, P0010).

For anti-HER2 ADCs, SK-BR-3 (ATCC HTB-30), JIMT-1 (Procell,
CL-0770), and MCF-7 (ATCC HTB-2) were prepared for cell
assay, adhering to ATCC guidelines for culture media and condi-
tions. For anti-CLDN18.2 ADCs, AsPC-1-CLDN18.2 and NUGC-4
were prepared for cell assays, with CHO-K1 cells serving as a
specificity control. CHO-K1 cells were cultured in Ham'’s F-12K
basal medium, while AsPC-1-CLDN18.2 and NUGC-4, obtained
from collaborators (Oricell Therapeutics), were maintained
in RPMI-1640 basal medium supplemented with 10% fetal
bovine serum (FBS, F8318-500ML), 100 mg/mL streptomycin,
and 100 U/mL penicillin. All cells were cultured at 37 °C in a
5% CO, environment.

Cells were seeded in a 96-well plate (Corning, Cat.# 3599) at
a density of 5 x 10° cells per well (2,500 cells per well for CHO).
After a 24-hour incubation, cells were treated with serial dilu-
tions of ADCs, DBCO-MMAE, and antibody-CAST for 96 hours,
with three replicate wells for each sample. Cell viability was
assessed using the Cell Counting Kit-8 (Lablead, Cat.# CK001)
according to the manufacturer’s protocol and normalized to
the viability of untreated cells. Data were plotted and analyzed
using GraphPad Prism 9.5.0, employing a nonlinear regression
analysis with an inhibitor versus normalized response-variable
slope model.

In vitro human, rat, and mouse plasma stability
ICR/CD-1 mouse plasma (IPHASE, Cat.# 0191E1.11), Sprague-
Dawley rat plasma (IPHASE, Cat.# 0191D1.11), and human

plasma (IPHASE, CAT.# A01911.11) were purchased from
IPHASE and were frozen and thawed no more than five times.

For peptide stability, 2 pL of peptides (10 mM stock in
DMSO) were individually incubated with 198 pL of plasma at
37 °C. At set time points, 10 pL of samples were taken, and
acetonitrile (75% final concentration) was added to precipi-
tate the plasma proteins. The precipitates were removed by
centrifugation at 12,000x g for 5 min, and the supernatant
was diluted 200-fold with solvent A1 and analyzed by Agilent
1260-6230 TOF LC-MS. The amount of peptide remaining was
calculated and compared.

For ADCs’ stability, 1.2 pL of ADCs (100 pg/mL stock in PBS)
were individually incubated with 118.8 pL of plasma at 37 °C.
At set time points, 15 pL of the samples were taken and stored
at -80 °C for sandwich ELISA analysis.

In vivo mouse pharmacokinetics

Male BALB/c mice (8 weeks old) were purchased from
Shanghai Jihui Laboratory Animal Care Co., Ltd., and bred
at the Laboratory Animal Resources Center of Westlake
University. The mice were acclimated to the animal facil-
ity for 1 week following quarantine and were housed under
specific pathogen-free conditions. All animal maintenance
and experimental procedures adhered to the guidelines of
the Institutional Animal Care and Use Committee (IACUC) of
Westlake University (Hangzhou, China).

Mice were randomly divided into control and experimen-
tal groups (n=6 per group). ADCs were administered intra-
venously at a dose of 1 mg/kg (100 pL). Blood samples were
collected by tail bleeding either before or at specified time
points post-injection. The collected blood samples, in hepa-
rin-coated tubes, were centrifuged at 1,500% g for 10 minutes
to isolate the plasma. A protease inhibitor cocktail (Abcam,
CAT.# ab271306) and 5 mM EDTA were immediately added to
the plasma, which was then stored at -80 °C for subsequent
sandwich ELISA analysis. The half-life and area under the curve
were determined using PKsolver.

Sandwich ELISA

A high-binding 96-well ELISA plate (Biofil, 190731-080) was
coated with in-house-prepared HER2 protein (100 ng per
well) diluted in ELISA coating buffer (0.05 M NaHCO, pH 9.6)
overnight at 4 °C. After washing with TBS-T (0.05% Tween
20, pH 7.4), each well was blocked with 5% nonfat dried milk
(Beyotime, CAT.# P0216) in TBS-T for 2 hours at room tem-
perature. The wells were then washed again and loaded with
diluted proteins or blood plasma samples, followed by incu-
bation at 4 °C overnight. For Tz detection, 100 uL of rabbit
anti-human 1gG H&L (HRP) (ab6759) (1:5,000) was added to
each well at room temperature for 2 hours. For MMAE pay-
load detection, 100 uL of monoclonal anti-MMAE antibody,
mouse I1gG (Acro, Cat.# MME-M5252) (1:5,000) was added to
each well at room temperature for 2 hours, followed by adding
100 uL of HRP-labeled goat anti-mouse IgG(H + L) (Beyotime,
A0216) (1:5,000) as a secondary detection antibody. Between
all the steps, the plate was washed by filling the wells with
200 plL of TBS-T four times. Finally, 100 uL of TMB (Solarbio
Life Sciences) was added to each well and incubated for 10-15
minutes, followed by the addition of an equal volume of 2 M
HCl to stop the reaction. The optical density was read at
450 nm with a microplate reader (Varioskan LUX). The data
were analyzed using GraphPad Prism V9.5.0, and standard
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curves were plotted using PBS diluted protein samples. All
data were analyzed by Graphpad Prism 9.5.0.

In vivo antitumor activity

Female NSG mice (four-week old) from the Laboratory Animal
Resources Center of Westlake University were used for in vivo
assay. The mice were adapted to the animal facility for 1 week
after quarantine and housed under specific pathogen-free
conditions. All animal maintenance and experimental proce-
dures were conducted in accordance with the Institutional
Animal Care and Use Committee (IACUC) guidelines of
Westlake University (Hangzhou, China).

Subcutaneous xenograft of NUGC-4 tumors with medium
expression of the CLDN18.2 receptor was used to evaluate
the in vivo antitumor activity of the conjugates. The tumor
model was constructed by subcutaneous inoculation of 5 x 10°
NUGC-4 cells per mouse in 100 uL of RPIM-1640 into the right
flanks of the NSG mice. When tumor volumes reached approx-
imately 150 mm®, the mice were randomly divided into groups
(n=6). For treatment, the mice were injected with 12 mg/kg
ADC(rkyyG-MMAE), ADC(VC-MMAE), or anti-CLDN18.2 anti-
body-CAST via the tail vein once a week for a total of four doses.
In the control group, the mice were given PBS at the same time
points. Tumor growth was measured with a digital caliper, and
tumor volumes were calculated using the following formula:
0.52 x length x width®. The body weights of the animals were
recorded throughout the experiment. The animals were euth-
anized when the tumor volume reached 2,000 mm?®. Statistical
differences between treatment groups at specific time points
were performed using an unpaired two-tailed t-test. Differences
between groups were considered statistically significant at
P < 0.05. All statistics were analyzed with GraphPad Prism 9.5.

Molecular modeling and simulation

The computational modeling of enzyme-peptide substrate
complexes began with Boltz-2 predictions. In particular, for
native L-peptide systems, complex structures were predicted
using Boltz-2**, incorporating prior knowledge of the enzyme
active site and the substrate cleavage site. Distance restraints
between the catalytic residues and the cleavage site were
applied during structure prediction to generate multiple initial
binding poses. For the mirror-image p-peptide systems, the
p-peptides were first constructed using CHARMM® and then
aligned to the corresponding L-peptide binding pose to gener-
ate the mirro-image complex. For each system, multiple initial
configurations were generated using different alignment refer-
ences, and independent MD simulations were used to assess
the binding stability and discard unphysical enzyme-substrate
complexes.

For MD simulations, all systems were solvated in a cubic
box of TIP3P water molecules and neutralized with 150
mM NaCl. Each system was first subjected to energy min-
imization for 5,000 steps to eliminate steric clashes and
then gradually equilibrated through four stages using
OpenMM®. An initial 200 ps canonical (NVT) ensemble
simulation at 298 K with a 1 fs time step was performed,
followed by 1 ns NVT equilibration at 298 K with a 2 fs
time step; in both stages, protein and peptide backbone atoms
were restrained with harmonic potentials of 10 kcal mol™ A
and 5 kcal mol™ A respectively. The systems were then
equilibrated for 2 ns in the NPT ensemble at 298 K and 1 bar
using a Monte Carlo barostat, with restraint force constants
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reduced to 2 kcal mol™ A Finally, 10 ns isothermal-isobaric
(NPT) equilibration without positional restraints was per-
formed. The CHARMM36m force field was used®. Long-range
non-bonded interactions were fully accounted for, with elec-
trostatics treated with the Particle Mesh Ewald (PME) method
and van der Waals interactions using the LJ-PME method with
a grid tolerance of 0.0005%. Production MD simulations were
performed for 200 ns in the NPT ensemble at 298 K and 1 bar,
with frames saved every 2 ps. The last 100 ns were used for
analysis. Representative bound structures were selected as
the medoid of the most populated cluster using K-medoids
clustering of the peptide conformations after global alignment
of the enzyme-peptide complexes.
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